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214 Page 2 of 17 low-energy tail corresponds to forbidden transitions to the lower excitonic band edge. An opposite situation is found for the J-aggregates where the low-energy range is characterized by the large oscillator strengths, while the higher energies correspond to the forbidden transitions to the high energy level of the excitonic band.
The exciton model can be applied for the systems of the small electron overlap between the aggregate units. For the dimers of the coplanar inclined transition dipoles, the angular dependence of the exciton band splitting leads to the slip angle α value of 54.7 • as the limiting angle between the J-and H-aggregates (see Fig. 1 ) [3] .
Squaraine dyes have attracted attention for their unique properties [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . A one-dimensional molecule stacking observed in squaraine solutions is of similar nature as that recognized for cyanine or merocyanine dyes. However, the dipolar polymethine dyes are built of electron-donating and electron-accepting groups connected by an (extended) π-electron skeleton (schematically depicted as D-π-A), while the squaraine dyes consist of two donating groups attached to an accepting squaric acid moiety (represented as D-A-D). Despite of all the similarities between the molecules of these two groups, the above-mentioned differences together with their implications make squaraines still intriguing and attractive subject of research. Simple notion of bond-length alternation that allows to design polymethine dyes of desired properties such as high hyperpolarizability values fail in squaraines, where the single and double bonds exhibit various lengths. Strong intramolecular charge transfer and quadrupolar character of squaraines causes that there is still no clear definition of connections between the structure and properties for these systems.
A thorough investigation of squaraines in various media has revealed that they can form either H-or J-aggregates depending on their structure and parameters of microenvironment [11, 18, 19] . Moreover, the given squaraine dye can be forced into the H-or J-aggregates by the proper choice of material preparation conditions. Additionally, the squaraines have been obtained with simultaneous coexistence of both types of aggregates in different domains [11] . In this case, the absorption band splitting is observed and the two parts appear on the spectrum: one that is bathochromically and the other-hypsochromically shifted.
A stepwise mechanism of some squaraines aggregation has been observed by Chen et al. [20] where first the dimers and later on higher aggregates were formed. Another amphiphilic squaraines have disclosed a tendency to form a stable tetrameric unit with a pinwheel structure suggested by Chen et al. [20] .
From the computational point of view, squaraine dyes still are challenging and only scarce study is present in the literature mostly for single isolated molecules or simple models of dye-sensitized solar cell [14, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Thus, the current contribution aims to carefully analyze mutual interactions in the small squaraine aggregates and their influence on the spectroscopic properties.
Technical and experimental details

Computational methodology
Two symmetric squaraine dyes containing nitrogen are investigated: DMASQ and DASQ (for structures and systematic name see Scheme 1). In DMASQ, nitrogen atom appears in an aniline moiety on the edge of the delocalized π-electron system, while in DASQ the nitrogen directly adjoins to a squaric ring. Geometry optimization of isolated molecules and aggregates was performed within the B97-D/6-311++G(d,p) approach in gas phase. Moreover, also several structures caught with the B3LYP functional are included into the investigation in order to provide for the hydrogen-bonded systems. The full optimization was performed for the aggregates containing up to four squaraine units. Due to the very complex potential energy surface, only the most prominent aggregates were investigated, since the full optimization leads to the complicated and unregular aggregates. However, in order to examine also the interactions and the cooperativity in the regular aggregates, on the basis of the fully optimized structures, the frozen-geometry models up to hexamers were also included in the current study. They serve as the base for comparison of the cooperativity for the aggregates of various nature. Supermolecular interaction energy was estimated with various functionals, namely B97 with D and D3 Grimme dispersion correction and ω-B97X-D one for 6-311++ G(d,p) basis set. All the above calculations have been carried out with Gaussian09 suite of programs [31] . SAPT0/cc-pVDZ interaction energy decomposition has been performed in Psi4 [32] [33] [34] [35] .
Vertical absorption spectra and corresponding contours of frontier molecular orbitals were obtained with PBE0/ccpVDZ approach in Gaussian09 [31] .
Results and discussions
Squaraine aggregates
Dimerization
Various structures of squaraines aggregates were optimized with two functionals, namely B97-D including Grimme dispersion correction and B3LYP (conventional hybrid functional with no additional dispersion taken into account).
The dimers of the two analyzed squaraine dyes are presented in Figs. 2 and 3. In agreement with the chemical intuition, the optimized structure of dimers for DMASQ and DASQ differs, since the latter can form effective hydrogen bonds between monomers and the former lacks a strong hydrogen donor. The H-bond pattern in the DASQ dimer that contains two strong O...H-N bonds is highly stabilizing and even within the B97-D functional the almost planar dimer (f) occurs as most stable. This is in opposition to the case of the DMASQ molecule, where only weak O...H-C H-bonds can be formed and they do not prevail the dispersion interaction. Thus, for DMASQ, B97-D leads only to sandwich structures and H-bonds can be observed only in fictitious B3LYP-optimized dimers (structure (a)). Table 1 presents the supermolecular interaction energy for the dimers depicted in Figs. 2 and 3 . For the comparison, the density functional data were juxtaposed with the MP2 results. However, even on the first sight, the MP2 calculations seem to be of poor quality giving-as could be expected [36, 37] -large value of the basis set superposition error (BSSE). Taking into account the medium-sized basis set such as 6-311++G(d,p), and the BSSE value for MP2 varies from 20 to 30 to even more than 100 % of the interaction energy values. This disqualifies this method for the further investigation. The applied DFT functionals give a qualitative agreement, and their results unequivocally show the favorable dimers structures as DMASQ(c) and DASQ(f).
Higher aggregates
Careful analysis of the higher squaraine aggregatestrimers and tetramers-leads to the observation of some (Tables 2, 3 ). As could be easily expected, for DMASQ molecule that does not possess the H-bond donating moieties, the H-bonded patterns do not occur readily. The obtained H-bonded structures are artificially caught in minima by using the B3LYP functional with no dispersion correction. The dispersion-corrected density functional theory always generates sandwich-like displaced structures with no H-bonds. On the other hand, for DASQ squaraine, where both proton-accepting and proton-donating moieties are present in the molecule, the H-bonded structures appear with any applied functional, also without the dispersion correction. Taking into account the sequence of dimers, trimers and tetramers for DMASQ and DASQ, the series of different interaction nature can be observed due to the structural differences of both systems. The most stable structures for DMASQ oligomers can be characterized as parallel displaced with the clenched endings. This clenching forms a closed system in which the two molecules confine the third one between them (see trimer (b) or tetramer (e)). Such a clenching in a zig-zag mode requires the relatively large mutual displacement of the molecules of about 5.5 Å-the squaric acid ring interacts with the C-N bond of the adjacent system. The interaction energy obtained for these clenched oligomers is equal to −25.98 , −51.53 and For clear and systematic investigation of the aggregation phenomena in the further part of this study, only the above-mentioned sequences will be discussed.
They were also extended to the higher oligomers (pentamers and hexamers) in order to analyze the general tendencies. 
Frozen squaraine oligomers
Due to the regular and ordered structure of the reported squaraine aggregates, the "one-dimensional" oligomers with fixed (frozen) geometry were investigated. Five various structures for the DMASQ oligomers were investigated on the basis of the full geometry optimizations up to tetramers: H-bonded one (further denoted as Hb), two stacked of the staircase type with two different monomer shifts: 3 (s3) and 6 (s6) Å and similarly two stacked of the zig-zag type with two shifts: 3 (z3) and 6 (z6) Å. Moreover, for the DASQ system, three non-relaxed oligomer types were analyzed: H-bonded staircase-like (Hb-s), stacked staircase (s) and stacked zig-zag (z). Their structures are depicted in Figs. 8 and 9 . Figure 10 and Table 4 summarize the interaction energies for the investigated oligomers up to hexamer. Left panels of Fig. 10 present the change of a total supermolecular interaction energy with chain elongation for DMASQ and DASQ, respectively, and right panels-the interaction energy per contact. Collected data suggest that the DASQ molecules behave in principle similarly for each oligomer type, and the interaction energy per contact remains constant with the chain elongation in the range from −16.4 to −19.94 kcal/ mol. The situation slightly differs for DMASQ, where the interaction energy per contact significantly depends on the system type. Namely, for the hydrogen-bonded oligomers, the interaction energy per contact is the smallest and lies in the range from −10.28 to −6.02 kcal/mol, while for the remaining oligomers this energy is larger than 15 kcal/mol (and the largest for the s6 system: from −23.79 kcal/mol for the dimer to −25.14 kcal/mol for the hexamer). DMASQ s3, z3 and z6 complexes give practically identical results and their curves in Fig. 10 in principle lineup. This seems selfevident at least for s3 and z3 oligomers while analyzing the molecule placement in the chain: In both the staircase and zig-zag mode, the interaction is dominated by the interactions between the aromatic rings lying closely to each other. 
A nature of DMASQ and DASQ interaction in dimers
Summary of the interaction energy components for both fully optimized and fixed frozen DMASQ and DASQ dimers is presented in Tables 5 and 6 and in Figs. 11 and 12. As could be expected, the full optimization of the dimers leads to the strongest total interaction between molecules. Taking into account the ratio of dispersion to electrostatic contribution, which allows to classify the dimers as dispersion-bound (ratio larger than 2) or electrostaticbound (ratio smaller than 0.5), one can observe that most of the analyzed dimers of both classes (optimized and frozen) posses the dispersion character. Clear domination of the electrostatic component can be noticed only for DASQ dimers (since DMASQ does not contain the labile protons connected to the electronegative atoms). However, it is still not significant enough to classify the (b) and (f) DASQ dimers as clearly electrostatic (dispersion to electrostatic ratio, respectively, 0.51 and 0.57). A comparison of the DMASQ and DASQ dimers leads to the conclusion that while the electrostatic contributions seem to be more pronounced for DASQ, the dispersion interaction predominates significantly in the case of DMASQ. The most stable dimer with the total SAPT0 interaction energy equal to −37.02 kcal/mol is depicted in Fig. 2(panel (c) ) and has the dominating dispersion character arising from the parallel displaced interaction with the large displacement of about 6 Å. Among the DASQ dimers, the highest SAPT0 stability is observed for the three systems: (b), (e) and (f) panels in Fig. 3 . The first and the last of them posses the strong electrostatic contribution and are bonded by the hydrogen bonds. The (e) dimer is built of the two perpendicular molecules with one of them "wrapped" about the other and is characterized by the prevailing dispersion interaction (dispersion to electrostatic ratio equal to 1.92).
Aggregation influence on the optical absorption
An experimental maximum absorption wavelength measured in chloroform is equal to 362 and 630 nm, respectively, for DASQ and DMASQ [43] . Theoretical PBE0/ cc-pVDZ wavelength for DASQ exhibits the satisfactory agreement with experiment, particularly when taking into account the applied simplifications such as an omission of the solvent effects in calculations or vertical absorption. However, the experiment-theory difference for DMASQ is large (calculated monomer maximum absorption wavelength varying from 520 to 524 nm depending on the geometry). This discrepancy arises from the intrinsic errors in DFT and although striking as the absolute value, it does still allow to investigate the relative changes in the spectrum upon interactions [30] . Moreover, one needs to remember that the vertical absorption calculations as performed here do not reproduce any information about the shape of the spectral lines. It only gives the position and the intensity of the signal. Therefore, all the contours on Fig. 13 correspond simply to gaussian fits of the calculated data. The good source of the information on the precise shape of the aggregate lines could be obtained with the coherent electron scattering (CES) approximation [38] [39] [40] [41] [42] . It is particularly useful in the case of the strong vibrational coupling that cannot be properly described by the simple electronic theory. 13 Influence of aggregation on the optical absorption of DASQ in the gas phase (PBE0/cc-pVDZ data). Black solid line denotes the reference monomer spectrum, and the vertical line corresponds to the experimental measured maximum wavelength in chloroform
Here, the accent is placed on the shift of the position of the spectral lines of squaraines induced by the intermolecular interactions, and not on the shape and the vibrational structure of the signals. Therefore, Fig. 13 presents the optical absorption spectra calculated with the PBE0/ cc-pVDZ approach for various non-relaxed oligomers of DASQ.
The signals do not vary much for DASQ oligomers of all the analyzed types. For each system, only one intensive signal is observed (with the oscillator strength larger than 0.5). Generally, the elongation of the oligomeric system brings about the decrease in the maximum absorption wavelength together with the increase in the intensity of the transition. In the case of the Hb-s oligomers, the corresponding wavelength decreases from 382 nm for monomer to 354 for hexamer (see Fig. 14 ; Table 7 ). The corresponding tendency for the s and z oligomers is very similar with the wavelength shifts of 28 and 15 nm for Hb-s and z oligomers, respectively. As can be noticed on Fig. 14 , one should not expect a significant wavelength change with the further elongation of the oligomers in the case of the s-type systems and only small changes (probably not exceeding 5 nm) for the remaining oligomers. The exemplary molecular orbitals involved in the most intensive transitions for Hb-s DASQ monomer, dimer and hexamer are depicted in Fig. 15 . One can see that the most intensive transitions for Hb-s and s oligomers involve orbitals localized in the same part of the oligomer, thus avoiding the large intermolecular charge transfer (Fig. 15) . On the other hand, the situation is slightly more complicated for DMASQ. Here, the hydrogen-bonded systems (Hb8) behave similarly to the DASQ oligomers-the only effects of chain elongation up to hexamer are a decrease in the maximum absorption wavelength by 35 nm and an increase in the oscillator strength (by more than 5.8 times, compare Fig. 16 ). However, in the case of the z6 oligomers, also the general shape of the spectrum remain unchanged with the chain lengthening and the max decrease (by 30 nm) and oscillator strength increase (by more than 4.7 times) can be noticed, but additionally very weak signals above 620 nm appear (oscillator strength of 0.05-0.15). Another group of oligomers consists of s3 and z3 chains. For these systems, the decrease in the maximum absorption wavelength is significantly larger than for Hb8 and z6 oligomers (106 and 76 nm, respectively), and the intensity of the maximum signal undergoes only minor modifications. Moreover, for s3 and z3 oligomers, the long-wave part of the spectrum becomes more pronounced than in the case Fig. 16 Influence of aggregation on the optical absorption of DMASQ in the gas phase (PBE0/cc-pVDZ data). Black solid line denotes the reference monomer spectrum. Left panel presents the gaussian fit for all the oligomers and right panel-the monomer and hexamer calculated signals with the corresponding oscillator strengths (stics) and the fit of z6, although still only signals of small intensity arise above 650 nm. The similar modification of the absorption spectrum for s3 and z3 oligomers agrees well with the very much alike interaction energy components for both types of chains (see Table 6 ). The qualitative change of the spectrum shape with respect to the above analyzed systems is observed in the case of s6 DMASQ oligomers. The intensive signal is shifted here by 42 nm with the chain extension from monomer to hexamer, yet another more intensive transition above 600 nm emerges. This signal, on the contrary, is shifted to the longer wavelength (by 152 nm-from 653 nm for the dimer to 805 nm for the hexamer), and the increase in its oscillator strength can be noticed by 2.8 times. Figure 17 presents the frontiers orbitals of DMASQ involved in the most intensive transitions for monomer, dimer and hexamer of the s6 oligomer. The corresponding wavelengths and oscillator strengths for all the s6 oligomers are presented in Supplementary Information. In the dimer, the long-wavelength signal (at 653 nm) arises from the HOMO-1 to LUMO transition, and the most intensive transition at 496 nm involves mostly HOMO-1 and LUMO+1 orbitals. While in the HOMO-1 orbital the electron density is concentrated at one molecule, the LUMO and LUMO+1 orbitals are characterized by the symmetric charge density distribution between both units. This picture is more complicated for the s6 hexamer due to the complexity of the oligomer, but only small shifts of the electron density can be observed for HOMO → LUMO transition at 805 nm and slightly more pronounced for HOMO-2 → LUMO + 4 at 482 nm. Similar situation with no drastic electron density redistribution upon excitation, but only mild displacement, is noticed for the remaining oligomers.
Summary
Aggregation phenomenon of two squaraine dyes DASQ and DMASQ is investigated with computational tools of quantum chemistry. The two molecules are chosen since they are prone to the different extent to the hydrogen-bond formation. The potential energy scan for dimers, trimers and tetramers indicates some regular staircase and zig-zag structures that are further investigated as frozen oligomeric chains in order to analyze an influence of the aggregation and the nature of the interactions on the absorption spectrum.
Interaction energy decomposition for dimers indicates the numerous dimers of the purely dispersion character for both DASQ and DMASQ molecules. Also for the larger DMASQ oligomers, the dispersion interactions seem to lead to the stable systems with the most attractive intermolecular forces. However, the full search of the potential energy surface for DASQ brings also the hydrogen-bonded structures as those exhibiting the highest supermolecular interaction energy. This different susceptibility for the hydrogen-bond formation resulting from the different functional groups arrangement causes the different calculationsexperiment agreement for both analyzed systems: The absorption spectrum for DASQ agrees well with experiment with almost any choice of the methodology, while for DMASQ the agreement for the monomer is weak and the error exceeds 100 nm in most cases independently on the approach chosen. The improvement of the basis set, the change of the DFT functional or inclusion of the solutesolvent interactions [43] improves the obtained absorption wavelength not more than by a dozen of nm confirming the conclusion of Laurent and Jacquemin that this is the intrinsic DFT error [30] .
The addition of the influence of the intermolecular interactions into the investigation of the absorption spectrum for squaraines shows the shift of the maximum absorption wavelength and the increase in the intensity of the signal with the elongation of the chain length and the new signals appearing in the long-wavelength part of the spectrum for DMASQ. The obtained computational effects of aggregation on the absorption spectrum comply well with the aggregation manifestation in the experiment: the signal shift and broadening [11, [18] [19] [20] .
